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Introduction

The past several years have seen considerable controversy on the subject of
intramolecular vibrational relaxation. We consider only complex, polyatomic spe-
cies at high levels of internal excitation characteristic of unimolecular reaction.
Most molecules have thresholds above 30-40 kcal mole". The contemplation of their
relaxation behavior has brought together the interests of chemists and physicists.

The question is this: Do reacting molecules display ergodic or nonergodic
behavior? That is, does an ensemble of reacting molecules explore uniformly all
regions of its available internal energy-coordinate hypervolume (statistical beha-
vior) prior to decomposition. Or is only a portion of phase space visited during
the lifetimes of the molecules (non-statistical behavior)? Considerable effort
has been devoted to the clarification of this question. The dilemma was phrased
during the 1950's as follows: Which is more correct — the theory of R. A. Marcus
and 0. K. Rice or that of N. B. Slater?' Marcus and Rice (RRKM) employed a statis-
tical model which postulated that coupling of the internal motions led to rapid
intramolecular energy randomization on a time scale short relative to the lifetime
of decomposing speciés (ergodic behavior). Slater characterized a molecule by a
potential function having only quadratic terms and internal normal modes of motion
which are orthogonal to each other, so that the system does not relax throughout
its vibrational manifoid (non-ergodic behavior). _

Indeed, this problem was resolved in favor of statistical models for molecufes
having 1ifetimes longer than ~ 10710 sec.? Evidence obtained in the Sb's and 60's
supported the ergodic proposition. Notwithstanding, the contrary view has been
advam:ecl.:"4 In recent years, various calculational énd experimental studies in-
cluding trajectory calculations, crossed beam experiments and laser excitation work
have questioned anew the validity of statistical models. The ergodic question also
appears in collisional phenomena. Intermolecular vibrational energy transfer

between highly excited polyatomic molecules and bath molecules involves some type




§ The extent of intramolecular

of accommodation in a short-lived complex.
relaxation within the Yoosely bound compound species is a related problem.

We first sketch some background related to unimolecular rate formulations.
Then we take up some types of experimentation that lead to useful conclusions with
regard to the question at hand. The treatment represents particular viewpoints
rather than a comprehensive revieu.6

Models for Unimolecular Decomposition.

An activated species A" at the internal energy level £ undergoes two processes:

A XE), p (decomposition) (R1)
* k_]
A +M ——+ A+ M (deactivation) (rR2)

R1 is decomposition with rate coefficient k(E); R2 is collisional deactivation by
3 bath molecule, M; the rate coefficient k_] can be calculated with varying degrees
of sophistication. In the simplest case (strong collision), A" is deactivated
below the threshold energy for decomposition, Eo' by a single collision. If more
than one collision is needed to deactivate A*, then M is a weak collider with rela-
tive efficiency 8 < 1. Deactivation can encompass all aspects of intermolecular
energy transfer V-V, ¥V + R, V- T, where V indicates vibrational, T translational
and R rotational energy. The subject has been reviewed recent!y.5’7
Slater's model1 for k(E) postulates nonergodic behavior in which decomposition
occurs when a critical coordinate g extends beyond a c§1t1ca1 Tength Q. The ﬁb]e{
cule does not sample the whole of phase space and q fis obtained'by a superposition
of various normal coordinates closely associated with the breaking bond. The RRKM
transition state model"s'lo applies in simplest form“to reactions having a large
potential barrier in both directions; internal energy is statistically distributed
among the vibrational modes of the molecule and of the activated complex. Then,
K(E) = ZP(E*)/hF N(E) ; (N
N(E) is tha density of states of the excited molecule; £p(e*) is the number of

accessible internal states of the complex; E* = E-Eoz h is Planck's constant;
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F is a correction for centrifugal energy effects. N(E*) can usually be calcu-

9,10 tP(E") is harder to evaluate since the frequencies of

" lated quite accurately;
the complex are not known; however, certain procedures (fitting the Arrhenius A
factor) ensure that reasonable values are assigned. A molecule for which k(E) can
be evaluated by the above procedure is called an RRKM molecule. There are conjec-
tural, as well as known cases, however, where k(E) may not fit the experimental

3,11-16 This could arise because of a “bottleneck" in phase space or

magnitude.
because of a time scale for reaction which prevénts statistical redistribution of

the internal energy prior to decomposition. Such behavior is called, respectively,
"intrinsic" and “apparent" non-RRKM behavior.]6

Techniques of Excitation.

There are basfcally two ways to produce the excited species A*. One is in a
thermal Boltzmann systemg’]0 in which the molecules of the ensemble are transported
above the threshold Eo by collisions.9’10’]6'27 The second way is by some “external"

energy source or mechanism not subject to the equilibrium distribution law of
1i-13,28-42 T

canonical ensembles. Such sources include chemical activation,

43-72 73-92 single photon excitation,

photon excitation, molecular beams,
photosensitized reactibn.]07']]2 The hot molecules produced are subject to colli-
sfonal intervention unless collision-free conditions are maintained.

The overail unimolecular rate coefficient 1510

. [T Lf(E) K(E ' 5
0
. [}
where E = E + Eth‘ E 1s the effective energy introduced into the molecule by the
excitation process; Eth is the original thermal energy of the molecule; f(E) is
the energy distribution function, such as the 1ight source profile in the case
of photochemical reaction; I is the flux of the excitation source.

For an equilibrium system, £ =0, E= Eepe f(E) = B(Eth)' I= Bk_](H) and

-E/RT
_N(E) e dE (3)

B(E)dE = _ 3
| NE) e E/RTye




For a weak collider bath there is depletion of the substrate populations below
an B(E) is replaced by its steady state value Bss(E) which can be found by an

iteration method9

or by eigenvalue solution of the steady state matrix. According
to eq. 2, the decomposition behavior of the excited molecule is independent of the
origin of the excitation.
Thermal Systems.

This method is the oldest that has been applied. Resolution of the question
of ergodicity of molecules prepared for reaction by random collisions is not neces-
sarily one of simple test. Both the Slater and the statistical Rice-Ramsperger-

Kassel (RRK) theory lead to classical expressions for the rate coefficient that

are similar in form:
K x("'])’zex -x )dx
ks = TImNY72) I: Py Cx n-‘ﬂ/"z'g'(“‘)—-] o)
and (4)

K r’ x5~V exp(-x)dx
0

k = ——
RRK ~ T(s) 1+ [/ ()Y A

1

where 0 is a quantity related to moiecélar parameters; A fs a constant; w is the
specific collision rate; b = EOIRT; x = E/RT; and n and s designate relévant inter»
nal degrees of freédom. Distinction between the two formulations could be diffi-
cult: sufficient flexibility may be provided by the choice of n and 6, in the
first expression, or of s in the second, so as'to bring about near-coincidence in
the predicted magnitudes of k and of the falloff behavior (the decline of k with
decreasing pressure). .

However, certain choices of substrates make a distinction unequivocal.2 Con-
sider the isomerization of cyclopropane to propylene. Cyclopropane has 93h Symme-
try and 7 of the 21 normal vibratioral modes are degenerate. The Slater treatment

L that the maximum number of modes that contribute to the reaction coordi-

1,2

predicts
nate is n < 21 - 7 < 14; the experimentally observed number is n =« 13, in gcod

agreement. However, if the symmeiry of cyclopropane is reduced by substitution,
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as in l.2-cyclopropane-d2, then the allowed maximum value of n rises to n=x17-18.
However, no such increase was 1"0und.”'b in accord with statistical theory.
Similarly, for the isomerization of methyl isocyanide to acetonitrile, a mole-

cule with Eav symmetry in which 4 of the 12 modes are degenerate, the observed

18

value of n = 4 does not change = as the progressive substitutions are made:

CHINC(C3,) — CH,DNC(C,) — CD4HC(G,,). Indeed, for a number of molecules, e.g.,

cyclobutane decomposition]9 and cis-trans olefin 1somerization.2° symmetry restric-

tions cause failure of the Slater theory predictions for the falloff behavior.
Good agreement exists with the predictions of statistical theory. These systems
illustrate a way for distinguishing ergodic and nonergodic behavior even for a
collisionally prepared ensemble of reacting molecules. Remarks that apply to
Slater's extreme "normal-mode" form of theory also extend, more or less, to other

variants®101-103 o orthogonal modes theory.

4 that the random distribution may not only be prepared

It has been suggested
by collision but may also be maintained by {elastic) collisional perturbations with
cross sections a 100-fold larger than conventional kinetic values. This could take
place on a time scale short with respect to reaction so that intramolecular energy
randomization is simulated even for intrinsically non-RRKM molecules. This is onea
of several arguments that have been offered in the past few years as an alternative
to the generality of the central assumption of statistical theory; it will be con-
sidered in the next section. ;
Recent trajectory calculations on methyl ,isocyanide (with an assumed molecular

3,16

potential) have led Bunker and co-workers to conclude that it is an "intrinsic"

non-RRKM molecule with an internal bottleneck to redistribution of energy. The
segmentation of the phase space of a molecule into two parts (Fig. 1) leads to the

16

prediction = of a false, premature high pressure liﬁif (represented by point ¢)

followed by a subsequent rise of a “part molecule" to the conventional limit at

21 was considered to corres-

higher pressures (Fig. 2). The data on methyl isocyanide
pond to the false 1imit and early high pressure work by Harris3'22 indicated the
occurrence of the predicted "part molecule” (Fig. 2) rise. (Of course, the bettle-

neck would not be evident and such rise could not occur in the collisional
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perturbation model.) More recent work“~ at pressures to 350 atm has revealed

errbrs in the earlier report3’22

and confirms tha high pressure 1imit of
Schneider and Rabinovitch.ZI Actually, RRKM theory gives gocd agreement with
both the position and shape of the falloff for CH3NC and for a series of iso-
cyanides (CHZDNC. CD4NC, C,HcNC, c205NC). It 1s evident that a "part-molecule”

bottleneck model is necessarily based on "happenstance" features of molecular

potential (anharmonicities and couplings). It cannot explain the behavior for
CH3NC or the rest of the series.

Several other thermal unimolecular systems have been examined experimentally
up to supra-high pressures to test for any alteration in k_. Ethyl cyclobutane
up to ~ 200 atm. showed a small decrease in rate which is attributed to a volume
of activation, i.e., a many-body effect.25 Nitryl chlaride26 showed no deviation

26 showed a

from RRKM behavior up to ~ 300 atm. At ~ 30C atm, nitrogen pentoxide
small change in k_ which the present writers believe represents only experimental
complications. |

In conclusion, RRKM behavior in thermal systems has been tested to very high
pressures. The results indicate overwhelmingly that no verified deviations from
RRXM behavior have been seen. The theory continues as a working model and, when
suitably modified, applies also to reactions involving low reverse barriers.27

Chemical Actiyatiqn Systems.

Chemical ‘activation 1nVolves production of internally excited species by
chemical reactions.28 Association reactions are the most unequivocal with respect

to the energy level of the product, e.g.,

H+n-CHy — Colig* +~ 97 keal mole” (a)

and

20,H; — CyHyow + ~ 83 keal mole”! (b)

§ ' 410
Different activation reactions can excite a molecule in different ways, i.e., a
molecule may be fnjected into diffarent regions of the space that describes its

internal state (Fig. 1). Thus, reaction (a) deposits a high proportion of the




excitation energy in C-H stretching motions of the nascent butane. In reaction
(b), the initial excitation heavily involves C-C stretching and skeletal motion.
For non-ergodic behavior of excited butane, C-H and C-C rupture would be facili-
tated in (a) and (b), respectively. .
Early chemical activation experiments showed that rapid intramolecular relaxa-
tion occurs after the excitation event: that the initial subset of highly excited
vibrational modes of motion of the nascent molecule relaxes rapidly into the full

set of internal motions. Thus, the proportions of the olefin preducts from methyl

29

} cyclopropane are independent of the activating reaction,”” whether centered on

the side chain,

]cnz + v iz

or centered on the ring,

*CH,y
‘:;7 —+ butene iscmers,

CH.
‘cu2 +OHCH = CH, — 3 V;;7 ——+  butene isomers.

Many such examples have ramified over the years.

A variety of chemical activation experiments have revealed good adherence

between statistical thecry and the microscopic specific rates, k(E). Examples

are the series of 2-alkyl radicals3! from 64 to clﬁ. at pressures up to 200 at.m.M

7 %0 10° ‘; a series of alkyl cyc!opropanes,32 and

LIURFR

with rate constants from 10 sec_

the analogous perfluoroalkyl members, having specific rates over the range 10
105 sec"; and a truly multitudinous and impressive series of haloa]kéné molecules
cz. c3 and C4, studied by Setser and co-workgrgswhose rates change from 105 to
~ 10" sec”!. |

Possibly not all large polyatomic molecules obey statistical theory although
reliable exceptions ave difficult to find.3* The viny13%2 and the ethy13%® radical
decompositions are so mentioned, although further work is necessary and complete
thecretical treatment requires careful consideration of conservation of angular

momantum.36

The studies described above say nothing about the time scale of the intra-

molecular relaxation. It must be substantially faster than the decomposition




process since RRKM behavior is manifested. In recent years experiments have been
designed to measure the relaxation constant. The first study invclved the siaul-

taneous activation and symmetrization of a melecule:]]

{Aecomposition of}

; ] FZVF CF=CD, hot ring
F2§S;7F-C=CF2 + (o, » in;;7E.F F2<::: + CF,
2 H, F2§§;7F ésCH {?ecomposition Of}
ccld ring
; The H and D substituents simply label the hot (*) “"nascent," and cold "o1d" rings.
Excitation corresponds to injection of the molecule into its phase space (point b,
Fig. 1) in a position proximate to the critical plane for rupture of the nascent
ring (line y, Fig. 1). Internal energy randcmization (diffusicn of the system
into the body of the phase space) competes with decomposition of the non-randomized
molecule (diffusion across the plane, y). Decemposition of the nascent ring pre-
deminates at high pressure since molecules can diffuse only in small numbers
through the phase space (internal randomization) to the critical hyperplane for

rupture of the oid ring before being deactivated by collision. Theoretical analy-

E ses of the proportions of non-random décomposition of the nascent ring, stabiliza-

tion, and decomposition of randomijzed mclecules leads to the value for the intra-

molecular relaxation constant, A = 10'% sec”!
Deccemposition of the members of a homologous series was also studiec:l‘,]2
. P i
: RF-'CF'-CFZ + CHZ + RF VFZ :
<

where RF = CF3. C3F7 and CSF]]. Again the values A = 1(¥ 0.4) x 10]2 sec 1

were found.

More recently, alkyl cyclobutanes]3 hydrocarbons were investigated. This

provides a gross selection of the initial ron-random state of excitation of the

activated molecules, as illustrated for isopropyl cyclobutane substrate:]3b




——+  olefins; (off) (a)

\/ + ]CHQ iy

A e )\' =

e T —  olefins; (off ) (b}
PERIR 5 —, o©lefins; (on) (c)
b * —+  olefins; (on) (d)
" <<: —  olefins; (on) (e)

®

“of f* indicates initial excitation off, and "on" indicates excitation on the ring.
The reaction in each case is ring rupture to form olefins whose structures are
diagnostic of the particular source (a) to (e). Reaction (a) represents excita-
tion at a site farthest from the ring, corresponding to injection of the “"methyl"
isopropyl cyclobutane molecules 1hto regidns of phase space remote from the criti-
cal plane for decomposition (point a in Fig. 1). The excited species cannot decom-
pose until energy randomization occurs, i.e., the subset of initially excited vibra-
tional motions must expand to include ring motions. By reaction {c), excitation
takes place on the ring, i.e., the molecule is injected into a part of the phase
space proximate to the dividing reaction plane (point b in Fig. 1). The initial
subset of excited vibrations includes ring motions and the non-randemized molecule
may decompose in competition with internal relaxation. The study of methyl cyclo-

126!, The isoprepyl cycle-

butane system]3b provides values of A = 2.9 (% 0.5) x 10'2 sec”!.

neopentyl cyclobutane system13c also gives A = 2.1 (¥ 0.5) x 10,2 sec']. Within

butane substrate'? led to the estimate, A > 5 x 10

Latest work on

the uncertainty of the experiments, these values are several-fold larger than those

for flucrocarbons.

13d reveals similar behavior.

Work in progress on the bicyclobutyl substrate
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It has been suggested37 that unlike photoactivation, chemical activation

" cannot illustrate non-random effects. The rationale for this proposal is that

the reaction event, unlike 1ight absorption, causes a perturbation of the nascent
molecule that effectively couples the whole molecule. (By contrast, some propon-
ents of the view that internal relaxation in reacting systems is not invariably

fast cite chemical actiyation such aé the vinyl and ethyl radical systems, mentioneq

earlier.35

as examples of their model.) This proposal 1s designed to support the
proposition that RRKM theory only appears to give a quantftative account of data,

but in the view of the writers it falls of its own weight. If a nascent molecule

is profoundly perturbed, such also must be the case by the principle of microscopic
reversibility for a highly extended or decomposing molecule, no matter what its
original mode of excitation, and randomness should apply. Moreover, the cyclopropane
and cyclobutane systems just described demonstrate that energy randomization does

not occur upon formation of the hot speéies by chemica) reaction but is a process

that follows excitation with a characteristic smallest relaxation constant of = 1012

sec"]. In any case, it is not a sufficient condition for obedience to RRKM behavior
that an ensemble of molecules is formed initially with microscopic energy distribu-

tions that follow random statistics. Indeed, this postulate was used in the classical

Slater theory. It is also requisite that a statistical redistribution of energy

‘be maintained on a time scale that is short compared to the chemical degradative

process so that the energy above IEO is available in the reaction coordinate. The

red1str1bufion'can be obtained via the intramolecutlar mechanism or by the inter-
molecular collisional perturbation process proposed bx S. A. Rice and co-workers.4
However, the collisional perturbation mechanism is itself contrary to a variety
of experimental evidence: .
First, chemical activation studies of the buty) radical were shown scme time
ago4° to be independent of pressure down to pressures below !0'2 torr, i.e., at

s sec" (relative to decomposition rate constants

nominal collision ratas ~ 10

e At e g
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sec']) where collisional redistribution would be inadequate. A number of

such low-pressure cases are known.
Second, in the intramolecular relaxation studies cited in refs. 11 and 36,

the effects of internal relaxation become observable at pressures of 0.2 - 20 torr

6 10

- 108 sec”! (elastic values ~ 108 -10
0']2

where the nominal collision rate is only 10

sec']). By contrast, the internal relaxation occurs on a scale of 1 sec, f.e.,

much less than collision intervals.
Third, crossed molecular-laser beam experiments (explicitly desighed to be

collision free) on a wide variety of complex molecules such as SFG, SF3C1. etc,

41 to be in accord with various

(see later) have been shown by Lee and co-workers
aspects of statistical RRKM theory.

Finally, the ultraviolet excited decomposition of internally.converted cyclo-
heptatrienes under very low pressure collision-free conditions has been shown

recently to accord well with statistical theory.42

Single and Multi-photon Vibrational Excitation.
Laser-induced unimolecular decomposition is of great current interest.43'72
(Extensive references are cited in these papers; the mechanism of multiphoton

absorption54'57‘58

need not be discussed here.) Multiphoton infrared laser exci-
tation brings about activation of a molecule by irradiation at a particular fre-
quency. The average energy of a photon from a co2 TEA laser source is &~ 3 kcai

-1

mole ' and the number absorbe¢ is above 30 in some cases. The cardinal question

has been — do molecules decompose in a mode-specific manner or do they explore
the potential surface prior to decomposition?
There 1s mounting evidence that multiphoton induced decomposition of molecules

41,47,48,60-62,66b . 0vor, the term "collisionless

exhibits erqgodic behavior.
region", frequently used, usually refers to conventional kinetic cross sections. i
A test of the elastic collisional perturbation model requires pressures that arc a
hundred-fold smaller. Many experimants in the “kinetic" collisfonless region vere

not at low enough pressure to provide a clear test.
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The clearest support from laser studies of the statistical approach is given
by the work of Lee and co—wm"kers.‘“'“'48 Several crossed molecular beam — CO2
laser experiments on the dissociation of SFG. halomethanes, etc., give spatial
distributions of products and lifetime estimates in accord with RRKM theory. Other
laser work does not provide as unequivocal a test. In some cases, at least part
of the data are in the “kinetic" multi-collision pressure region, i.e.,
k_yM > k(e) (eq. 2). In other cases, the specific rate constants are not known
or not given, and it is impossible to say whethér k_‘M << k{(e), a necessary condi-
tion for “elastic" collisionless behavior. Nevertheiess, important information is
provided by this work. They correspond very well to the predictions of the statis-
tical model; they show little evidence56 for mode-specific decomposition. Setser
and co-worker562 irradiated CHZFCstr at the C-F stretching freguency under kinetic
collisionless conditions. This should favor HF elimination if non-ergodic behavior
occurred. The product ratio was HBr:HF = 10:1 as predicted by statistical theory
since HBr is eliminated with lower threshold energy than HF. In another study.45
CC12F2 was excited in the multicollision region, first at the CCI2 stretching fre-
quency and then via the CF2 stretching mode. The reaction products were identical

61

in both cases. Dissociation of ethylacetate ' under conditions of low pressures

and high laser intensity gave rate coefficient consistent with RRKM theory. “Colli-

60 vibrationally excited CF2

sjon-free" dissociation of CFZCI2 and CFZBr2 produces
in which the energy is distributed statistically and can be characterized by a
vibrational temperature Tv. The dgcomposition of CH2F269 follows the thermo- |
dynamically predicted route of fission of the C-H bond.

Laser isotope separation in large polyatomic molecules has been the subject
of a large number of 1nvestigations.54’n'72 No novel theories need yet be invoked
for the interpretation of the decomposition process.

Some confusion with regard to internal relaxation has arisen in laser studies

due to use of inappropriate models for intermolecular energy transfer at the high
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70a

energies concerned. Collisional activation/deactivation by cold bath mole-

" cules is principally V-T,R (i.e., the interna) modes of the cold bath molecule
5,70a

However, the efficiency
5 and the

do not relax) and takes place on every collision.
of V-T,R transfer may decline ¢ramat1cally at higher bath temperatures
correct models to be used in partially, or completely collisionally equilibrated,

high fluence laser systems are not well known. There can be V-V transfer between

highly excited molecules in the neat ga563'64 in systems where the absorbed energy
per molecule is high.as’so'62 This process is different from vibrational energy

65

transfer at low levels of excitation = as shown in energy mapping on methyl

halides. %658

The above systems involve multi-photon excitation. With higher energy photons,

59a §3b

only one or a few photons are absorbed prior to decomposition. The decompo-

sition of formic acid has been studied as a function of pressure using an HF laser?gb

1

Only three photons of 10 kca) mole ' cause decomposition. The authors propose that

intramolecular energy relaxation takes place fcllowing the photoexcitation.
An interesting experiment is single photon (» 7300 R) isomerization.sga
CH3NC — CH3NC. Good agreement was obtained with RRKM calculations, although the
authors invoked a more elaborate mechanism to explain the results. The molecule
was assumed to be non-ergodic with 1ntramplecular energy redistribution assisted
by collisions. This mechanism has been criticized in aﬁ earlier section. So far,
molecular ergodicity provides a simple, consistent explanation of this experiment.

Molecular Beam Systems.

A chemically activated reaction in crossed molecular beams takes place under
truly collisfon-free conditions. Many ingenious exggyiments have been executed.
Information is obtained on the spatial and velocity distributions of the products.
A "long-1ived" (5 10712

decomposition and gives a synmetric product distribution relative to the center-

sec) collision complex undergoes many rotations prior to

F of-mass vector. This is the case for some reactions of an atom with an alkali

halide molecule.73 Cs, K + RbC and74 Ca + NaCl, which form a three-center complex;
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for bimolecular reactions of CsCl with KC1 and KI, which form a four-center com-

plek;75 and for atom + polyatomic molecule, Cs + SFS;76 K, Rb, and Cs with SnC]4

and SFe;n Cl + olefin’®

and F + olefin.]3'79 Thus, many ncminally bimolecular
reactions are examples of fast unimolecular processes.

The question is whether the avai}abie 1nte§na1 vibrational-rotational energy
of a long-1ived complex is randomized. Interpretation of the data is subject to
physical, and sometimes computational constraints. One model which has been used
to explain product translational energy distribution is derived from RkKM theory.eo
A potential which takes into consideration the long range (r's) interactions and
centrifugal energy of the complex is employed. The translational energy in the
reaction coordinate, plus the potential energy of the centrifugal) barrier are
assumed to convert to translational energy of the products. The calculated trans-
lational energy distribution was found to agree with the experimental distribution
in the reactions CsCl + KC1, K137 Cs + SnCl,, SFg'® and K, Cs + Rbc1.”t
Vibrational energy transfer involves the exient of intramolecular relaxation

in a collision complex. In many cases, the behavior is non-ergodic and the internal
degrees of freedom of the cold bath molecule do not relax.5 The models of refs. §
and 80 have been used to interpret the results of inelastic scattering of vibration-

! In these cases V-T and,for very polar

ally excited KBr by polar molecuies.
bath gas(cusuoz).v—v transfer are cbserved and largc amounts of energy are removed
(10-30 kcal mole") The interpretation of the results has been questioned82 since
conservation of probabi]ity was not observed. . An expression which provides obadi-
ence to the conservation rules and detailed balance has been given in vef. 7.

A system which has been studied very carefully under velocity seiected condi-
tions is the decompositionn’?9 of CZH4F* and alkyl'substituted fluoroethyl. The
excited radicals were activated by the reaction

F+ RyC = CHy — R,C-CHF*
The anoylar distribution of the decomposition products indicates that the radical

has a lifetime which is much longsr than the period of rotation. The average

g
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lifetimes of excited fluoroethyl radicals measured in chemical activation sys-

85 accord well with RRKM theory. A major finding of Y. T. Lee and co-workers

tems
was that the translational energy distribution of the products seemed to be at
variance with statistical theory. As the reactant energy increases, the fraction
of the product energy that appears as translation remains constant; it was expec-
ted that the fraction would go down since the excess energy should be distributed
among the internal modes. Assumption of only a 1imited number of effective vibra-
tional degrees of freedom to explain the transl;tionai distributions results in
unreasonably short 1lifetimes.

RRKM thoery makes no statement about the disposal of reverse barrier potential
energy. Its relative distribution between transiation and internal modes depends
on the shape of the surface. Dynamical constraints are not considered in the cal-
culation of the rate coefficient for the decomposition of the excited molecule.

For cases where system angular momentum is of the same order of magnitude as molecu-~
lar angular momentum, calculation of exit channel translational energy can prove
extremely complicated.7’83 Recently, Worry and Harcus86 developed a statistical
adiabatic extension of RRKM. A dfstinction between loose and tight complexes {is
made. For a loose complex in the ;xit'channel. no coupling of radial and internal
coordinates exists and the final product distribution reflects the internal distri-
butfon of the complex. This is a restatement of the model of ref. 80 discussed
above. In the case of a tight compléx. coupling between radial and internal coordif
nates affects the final prodﬁct energy distribution. Bending vibrationS in thé com-
plex become free rotations of the product. Because of thé wider spacing of the
vibrational compared with the rotational levels, the adiabatic transformation of

the former into the latter causes a shift to higher product transiational emergies.
This occurs when coupling between various modes of the complex and the products is
introduced. This model was applied to (CH3)26-CH2F* and reasonable agreement was
obtained between experimental and calculated86 energy distributions. There is

better agreement between experiment and statistical theory than with 1oose87




transition state theory.

In a series of experiments which complement beam work, McDonald and co-

88 studied the internal energy of products by the arrested relaxation of

workers
infrared chemiluminescence. The vibrational emission of product molecules was
measured. Fluorine and chlorine substitution reactions F + C2H3Y. F + C6H5Y.

C1 + CyH4Br, C1 + CcHgBr, and C1 + 63H58r. where Y is H, CHj, C1 or Br, were inves-
tigated. Nonrandom distribution of vibrational energy was observed for product
molecules with density of internal states less than 104 states/cm". Of course,
statistical behavior is expected only when the density of states is high. In a

89

trajectory study -~ on the internal energy distribution following chemical activa-

tion of methane-d, and chloromethane-d3, it was shown that the energy becomes ran-
domized in less than 5x1071% sec.
Charced particles reactions are not discussed here for lack of space. The

90 d on ion-molecule crossed beams showed

important work of Wolfgang™ and Henglein
that intramolecular energy redistribution in the collision complex occurred on the
time scale of 10']2 sec. Statistical theory has been applied in mass spectrometry
under the name of Quasiequilibrium Theory (QET).92 It is found that for polyatemic
ions with lifetimes from 10'3 sec to lq']] sec randomization of energy takes place
prior to decomposition. Where exit channel interactions exist, it is necessary to
modify statistical QET to obtain agreement. between calculated and experimental
translational energy distributions. Cases involving isolated electronic states are
excluded.

Photochemistry. Vibronic Excitation

There are common features of internal energy d?sposal between photochemical
reactions and gas phase emission spectroscopy. The molecules can be in an excited
electronic state, such as S, or To. or in the ground state So following internal
conversion. Multichannel decomposition from varijous excited lavels can cccur.
Cnly a few selected tcpics are considered here.

The reactant molecule produced in photo-excitation may be identified with A*
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of reactions Rl and R2 presented earlier. The rate constant is calculable via

"~ an éxpression similar to eq. 2. The assumption is made that internal energy is
statistically distributed among all the modes of the electronically excited molie~
cule.‘s'g:"95 The value of k(E) can be calculated from eq. 1 provided that the
vibration frequencies of the excited melecule and activated complex are known,
not a very certain situation in many cases.

There are cases where it cannot be assumed a priori that energy will be sta-
tistically distributed among all internal modes. Consider the photodecomposition
of azoalkane,]5 R-N=N-R — 2 R+ N,. Excitation is via the n + 5" transition on
the nitrogens. The decomposing bonds are R-N adjacent to the initially excited
bond. Intramolecular energy relaxation of the energy into all the available modes
appears fast, with rate coefficient!1-15:81-84 1097 sec™!. If the system can be
intercepted after a short time (high pressures), it is possible to obtain decompo-
sition exclusively from an initially excited moiety in which most of the excitaticn
energy resides. The expected behavior is a curved Stern-Volmer plot and such curva-
ture has been observed.]5 Now k(E) for randomized CZHSN=NCZH5 is expected, and
found to be larger than that for C3H7N=NC3H7, which in turn is larger than that for
CyHgN=NC,Hq. By contrast, the value of k(E) for decomposition from the (identical)
excited nascent mofety in each molecule is not expected to change much and was found
to be relatively constant.

Internal conversion of S‘ to S° produces a vibrationally hof molecule. If
internally relaxed, the value of Eo should be identical to that for thermal decompo-
sition of the same species. Indeed, for the collision-free isomerization of cyclo-
heptatriene to t;oluene.""'g7 @ — CH3 s Eo was found to be the same
for the thermal and photoisomerization processes.

Radiationless (reactive and radiative) processes and products ratios are,
naturally, a function of the level of excitation. Provided that the vibrational
manifold is dense enough and the level of excitation high enough, ergodicity is
observed99 in the decomposing molecules; ctherwise, single vibronic level chemistry

may be observed,100-105
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. Photosensitization.

Photosensitization is a useful method for exciting an acceptor via electronic
energy transfer from a donor molecule.ws'w9 Unlike sensitization in condensed
medi; where low vibrational states prevail, gas phase processes can take place
from an excited internal state in the higher electronic manifold.

A model has been proposed.ls'no which assumes statistical partitioning of

excess internal energy E.r between donor and acceptor. The following is an example.
112

The Cd(SBP])-sensitized decomposition of czﬂsF fs found to have a higher quantum

yield than the benzene (381)-sensitized decomposition. Both have almost the same

triplet energy. The reason for the higher yield of the Cd-c2H3F pair, according

to the model, is that the donor has no internal modes and can carry away only
translational energy. Benzene has many internal modes so that the acceptor acquires
less of the available enargy; k(E) is smaller and the quantum yield is reduced.

The partition of ET between donor and acceptor molecules is also exemplified
by the singlet transfer in benzene-aniline gas mixtures.]“ The quenching of ben-
zene fluorescence by aniline was investigated. It was found that the available
interna) energy is distributed between acceptor and donor in a statistical manner.
Photophysics

Photophysical experiments are ancther scurce of information. The available

models vary from those that postulatg that the excited molecule is ergedic prior
99,100

to those that predict local mode behavior wherein
101-103

to electron1c.relaxation
bond excitation 1s uncoupled from the other molecular modes. The rules that
govern photophysical processes are similar to those for reacting systems: at low
tevels of excitation, i.e., low density of states, the radiative decay process has

" the specific traits of the excited mode'00*104

and it is possible to follow the
behavior of a single vibronic level;w5 for large polyatomic molecules at high

levels of excitation, the internal energy relaxes through the vibrational manifold
100

levels cf excitation are henzenew4 and cyclobutanone;

cf the excited eiectronic state. Examples ¢f single level behavior at low

105

as the level of benzene
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excitation energy increased, the fluorescence quantum yield dropped due to intra-
molecular energy transfer. CHCCI, CHCBr‘Ol and Hzco'°5 are examples of small

molecules where similar behavior was observed. In large molecules like tetracene

1002

and pentacene at high levels of excitation, it was found that intramolecular

energy redistribution occurs on a time scale shorter than electronic energy relaxa-

tions but naphthalene has been reported to be a contradictory case.IOOb The

above findings cohere generally with the results of McDona]dga’89

and agree with
the major features of reactive systems.

The Dependence of the Intramolecular Relaxation Constant on E

We may speculate on the dependence of the observed (smallest) intramolecular
relaxation constant A on the energy content of the molecule. A pragmatic hybrid

curve for iarge fluoromoliecules such as SF6 and CF3—97C3F402 may be constructed.

106

In an elegant experiment, Deutsch and Brueck excited the vq mode of SF6 with a

CO2 laser to the v=3 level (~ 9 kcal mole']). They showed that v, comes into equili-
brium with other degrees of freedom with a time constant of ~ 3u sec i.e. A = 3x105
sec']. Obviously, A - 0 for relaxation of the v=1 level, for which small vibra-
tion theory works well, so that a curve of A vs E is asymptotically horizontal at

low energies. For fluorocyclopropanes, at a total energy of ~ 115 kcal mole’]. it

11,12

has been shown above that A ~ 10‘2 sec". Since classical dynamical considera-

tions restrict increase in A beyond ~ 10‘3 scc']. the curve of A vs E is asympto-

tically vertical at higher energies. Figure 3 represents the combined behavior.

The area between the curves, A, is an arbitrary representation of the region of
uncertainty and cannot be probed for these molecules by kinetic studies since they
decompose at energies above 45 kcal mole" (E° = 45 kcal, CFa-g;c302F4: Eo = 86 kcal,
SF6). The study of related molecules, such as N,F,, for which E  1s only 19 kcal
nole" might be counterproductive for the reason described later. How general such

1005

curves are, especfally for hydrocarbon, remains to be seen.

Th2 region A is a potentially fruitful subject for theoretical d@lination.
various treatments of the temporal and amplitude evolution of a set of anharmonic

4,113

oscillators have been given. In general, some degree of stochastic behavior

seems assured if the anharmonicity and coupling of the members of the set is

- . " R — m|......."ii
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sufficiently great and if the total energy of the set is sufficiently large. The
often postulated "bottleneck" to internal relaxation of energy is a consequence
of the occurrence of non-overiapping resonances which "traps" the energy of the
set for a number of vibrational cycles of the mgtion. The overlap of resonances

13f-h suggest that

can lead to stochastic behavior.”:’h Several recent treatments
overlapping behavior may result if the energy in a particular mode is greater than
0.7-0.9 of the bond dissociation enerby D, or if the total energy E exceeds some
critical criterion value Ec. which depends on the potential function and may be
less than or greater than D. However, the degree of stochastic behavior required
to rigorously satisfy statistical theory may be much greater than that which satis-
fies pragmatic experimental tests.nah This difference can explain why it is that
conventional statistical theories have such broad practical applicability.

In conclusion, it seems that the answer tc the title question is "yes", so
far, for reactive systems on a time scale > ]0"2 sec. The high hope of earlier
laser experimentation — that mode-specific excitation could be carried out or would
reveal non-statistical behavior ~ has failed to reveal any substantiated example.
Most unimolecular studies have been made at moderate to high levels of excitation
(40-100 kcal mole"); the possibility éxists that such behavior could be detected
at lower energies. Several molecules, such as 8204, dioxetanes, and N2F4 have
reaction thresholds Eo close to 15-20 kcal and suggest themselves as possihle candi-
dates. However, this may prove to be a vain hope because even though E, decreases, .
the existence cf severe anharmonicities attendant‘upcn bond rupture and the occur-
rence of a shé]low col(s) near the configuratibn'of critical exfension of the mole-
cule could lead to a concomitant decrease in the'crit!cal criterfon value .- Con-
ventional experimentation of adequate refinement is needed. A study in progress on
;;cqugo decomposition (Eo ~ 15 kcal mole") by Batt-is a hopeful possﬂmity.n4
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Figure 1:

Figure 2:

Figure 3.

Figure Captions

After ref. 16a (I) RRKM molecule: Injection into phase space far
away from (a) and close to (b) critical bounding plane for decompo-
sition, y. Injection into b can cause apparent non-RRKM behavior

under appropriate experimental conditions.

(I1I) Non-RRKM molecule: Injection into ¢ is the reason for "false"

high pressure limit caused by the "bottleneck,' x. Injection into d
causes the "part" molecule behavior. A1l points at constant energy.
(I111) Thermal activation of an RRKM molecule.

(IV) Non-Boltzmann activation (chemical, photoactivation) into part

of phase space.

Unimolecular rate coefficient vs. pressure (after reference 16).
Fall off behavior for an "intrinsic" non-RRKM moiecule having an

internal bettleneck.

Internal energy vs. log A.

General behavior of intramolecular raté coefficient A as a function

of the internal energy. The area between the lines A 15 the region of
uncertainty (see discussion). Points: 1) ref. 106; 2,3) ng. 14;

4) ref. 414 5) ref. 1, 12 '
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